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Figure 1 Schematics of an electrolytic cell for plating metal “M” from a solution of the metal salt “MA”
(Source: http://electrochem.cwru.edu/ed/encycl - Electrochemistry Encyclopedia)
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Table 1 Various types of electrolyte solutions used for electrodeposition of metals
Type Metal that is Electrolyte Ions in the
getting plated electrolyte
Cu CuSO4 Cu
2+
Simple acid Sn Sn(BF4)2 Sn
2+
Ni Ni(NH2SO2O)2 Ni
2+
Cr H2CrO4 CrO4
2–
Complexed acid Cu K6Cu(P2O7)2 Cu(P2O7)2
6–
Ni NiCl2 NiCl4
2
Sn SnF4 SnF6
2–
Alkaline hydroxide Sn K2SnO4 SnO3
2–
(amphoteric) Zn Zn(OH)2 ZnO2
2–
Complexed alkaline Cu CuCN Cu(CN)2
–
Table 2 Various constituents of the electrolyte solutions used for electrodeposition of metals
Constituent Functions Example
Metal salt To supply metal ions CuSO4, NiCl2
Complexant Stabilize metal in soluble form; affect mode of ion discharge KCN, NaOH
Complexant stabilizer Excess complexant, acid or alkaline reagent KCN, NaOH
Buffer salt Stabilize pH at optimum value H3BO3, Na2HPO3
Anode depassivator Smooth anode dissolution and oxide film disruption Chloride
Addition agents Surfactant for hydrogen bubble dispersal, Brightener Detergent, Organic
for bright deposits, Leveler for grain refinement Stress reliever S and N containing
compounds
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Table 3 Electrode reactions that occur during electrodeposition
Type of reactions Actual reaction Remarks
Cathode reactions Mn+ + ne–  M0 Main metal discharge andDeposition reaction
2H+ + 2e–  H2 Main secondary reaction causing poor cathodic current
density; may cause poor deposit properties
Mn+ + e–  M(n–1) + Partial ion reduction and source of inefficiency
Anode reactions M0  Mn+ + ne– Metal dissolution at soluble anodes; maintains metal
ion conc. in solution
2OH–  H2O + ½ O2 + e
– Oxygen evolution is the main reaction on insoluble
anodes in basic medium
H2O  2H
+ + ½ O2 + 2e
– Oxygen evolution is the main reaction on insoluble
anodes in neutral medium
M + H2O  MO + 2H
+ + 2e– Passive oxide formation on anode; raises total cell
resistance and inhibits anode dissolution
M + nOH–  MOH + ne– Passive hydroxide film formation
M(n–1)+  Mn+ + e– Ion oxidation - removal of lower valency metal ions
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Figure 2 Pictorial representation of the influence of plating variables on the change in grain size of
electrodeposits (adapted from Dini [14])
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Figure 3 Constant-current pulse plating with an on-time of 5 ms, an off-time of 45 ms, and a peak current of
75 A (adapted from VanHorn [25])
Figure 4 Current patterns in pulsed-current plating (Ideal pattern): (a) conventional plating; and (b) periodic-
reverse pulsed-current plating (adapted from VanHorn [25])
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Figure 5 Square-wave current pattern of the forward and reverse envelopes in periodic-reverse pulse plating
(adapted from VanHorn [25])
Table 4 Possible effects of pulse current electrodeposition on deposit structure
(adapted from Landolt and Marlot [26])
Time interval Conditions that differ from d.c. plating Phenomena affected
On-time Double layer charging Nucleation rate
Overvoltage Growth mechanism (e.g., dendrites)
Concentration profile near the electrode Electrode reaction mechanism
Adsorption (ions, additives, hydrogen) Codeposition rate (H, alloying elements),
additive reactions
Off-time Double layer discharge Surface diffusion
Potential relaxation Surface recrystallization
Concentration profile relaxation Corrosion, displacement reactions
Desorption (additives, ions, hydrogen) Passivation, Hydrogen diffusion
Pulse reverse-time Anodic potential Selective metal dissolution
Sign change of double layer charge Hydrogen re-oxidation
Concentration profile near electrode Additive oxidation
Desorption/adsorption (additives/ions) Passivation
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Table 5 Benefits of Pulsed current electrodeposition
Metallurgical Denser deposit
Finer grain deposit
Lower porosity
Higher tensile strength
Higher elongation
Reduced stress
Reduce hydrogen embrittlement
Electrical Higher conductivity
Lower contact resistance
Better bondability
Physical Fills submicron trenches
Improved adhesion of deposit
Reduced stress on photo resists
Increased throwing power
Control of alloy composition
Uniform thickness
General Reduce additives
Reduce plating time 10 - 20%
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Table 6 Comparison of the characteristics of conventional electroplating and brush plating
(Source: Brush plating Course Manual, Liquid Development Co.)
Characteristic Conventional electroplating Brush plating
Precision buildup capacity Fair to good Excellent
Quality of bond Good Excellent
Speed of deposit Slow Fast
Density of deposits (porosity) Moderately dense Very dense
Portability No Yes
Requirement for post finishing Usually required Not required for thickness up to
0.01 inch on smooth surface
Hydrogen embrittlement Yes No
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Table 7 The various components of electroless plating bath and their functions [43]
Component Function
Nickel Ion Source of Metal
Hypophosphite/Borohydride/DMAB Reducing agent
Complexants Stabilizes the solution
Accelerators Activate reducing agent
Buffers Controlling pH (longer term)
pH regulators Regulates the pH of the solution
Stabilizer Prevents solution breakdown
Wetting agents Increases wettability of surfaces
Table 8 Application of electroless Ni–P coatings (adapted from Agarwala et al. [49])
Application Components Coating thickness
avenue (m)
Automotive Heat sinks, carburettor components, fuel injection, ball studs, 2-38
differential pinion ballx shafts, disk brake pistons and pad holders
transmission thrust washers, synchromesh gears, knuckle pins,
exhaust manifolds and pipes, mufflers, shock absorbers, lock
components, hose couplings, gear and gear assemblies. Fuel pump
motors, aluminum wheels, water pump components, steering
column wheel components, air bag hardware, air conditioning
compressor components, decorative plastics and slip yokes.
Air craft/ Bearing journals, servo valves, compressor blades, hot zone hardware, 10-50
aerospace pistons heads, engine main shafts and propellers, hydraulic actuator
splines, seal snaps and spacers, landing gear components, turbine
front bearing cases, engine mount insulator housing, flanges, sun gears,
breech caps, shear bolts, engine oil feed tubes, flexible bearing supports,
break attach bolts, antirotational plates, wing flap universal joints and
titanium thruster tracks.
Chemical & Pressure vessels, reactors, mixer shat, pumps and impellers, heat 25-125
petroleum exchangers, filters and components, turbine blades and rotor assembles,
compressor blades and impellers, spray nozzles, valves: ball, gate plug,
check and butterfly, stainless steel valves, chokes and control valves, oil
field tools, oil well packers and equipment, oil well turbine and pumps,
drilling mud pumps, hydraulic systems actuators and blowout preventions.
Electrical Motor shafts, rotor blades of stator rings 12-25
Electronics Head sinks, computer drive mechanisms, chassis memory drums and discs, 2-25
terminals of lead wires, connectors, diode and transistor cans, interlocks,
junction fittings and PCB.
Food Pneumatic canning machinery, baking pans, moulds, grills and freezers, 12-25
mixing louts, bun warmers and feed screw and extruders.
Table 8 Contd.
 
	
 	


Marine Marine hardware pumps and equipment 25-50
Material Hydraulic cylinders and shafts, extruders, link drive belts, gears and 12-75
handling clutches and clutches
Medical & Disposable surgical instruments and equipment, sizering screens, 12-75
pharmaceutical pill sorters and feed screws and extruders.
Military Fuse assemblies, tank tarred bearings, radar wave guides, mirrors, 8-75
motors, detonators and firearms
Mining Hydraulic system, jetting pump heads, mine engine components, 3-060
piping connections, framing hardware.
Moulds & dies Zinc dies, cast dies, glass moulds and plastic injection moulds of plastic 15-50
extrusion dies.
Printing Printing rolls and press beds. ~ 38
Rail road Tank cars, diesel engine shafts and car hardware 20-90. 12-50
Textiles Feeds and guides, fabric knives, spinnerets, loom ratchets and knitting ~ 30
needles.
Wood & paper Chain saw engine ~ 25
Miscellaneous Drills and taps ~ 12
Precision tools ~ 12
Shower blades and heads ~ 8
Pen tips ~ 5
 
 	
 	
	
 
  	
 
 
 
 	 	 

	
	
		

'0:0@		

B


	

#

	
	
	

'0>0@		
	
&
'0>0@#'0B0@#'0-0@#'0C0@#'010
@#'0:0@#'0>0@	 	
	 		
		
D




'0>0@#'0B0@#'0-0@	'0C0@	

		)/0/9+	>#B#-#


'0@'0.
	
		

	#	


	
	
@.


	

	
	
 	 
	 		
  

 	


			
	


#
				
	

 



	
 )!0!!#!<#/*+
	
		
	  	 
 	
  
 
 	 




	

			


	
	
	

%
		

	



	

	

	
#	

%


	

	
	
		

1	
	
  
 	
		
	
 	
'4@	

	

 
 	


#	
A		#	


	
#	
	#


	
# 
 
	
	
  
	
	
# 

	
	
	
#
	


	


	
#	

	

	

	
)/*+
	
				
1			'				
	)/6+	

	
'0@;'0.
	
		
	
0			0

	


'0@	'0.			
		

	
		
	



	
1			'				
	)/<+		

	
'0@
		
%
	


0

	
	
$ 
	
 	


'0@		
  

		
	

		#
	




	
	

	
%
	
	
	
	

'0@	
		
	




	
>
	)92+	




0	
'4@	




	0
'4D4.	
	
8
	)9#9+	



		


	'4@	'
	

0	




	
	
	&E'0@	
C<,-	
	
	 	
>	
		
	

		#
	#	

	
	B
		


	









	

		

		
>	
	

 	 	
 
 
 
	
>	
 
	
 	 	 
 	 
	
 

		


	
	
	




		
	
	


	


	

#
	
		
		
	
	

	
	




	
F
	#

	
#	

	
	
	
	






	
$

	#
	
	



	
#
	
	
#	




" 
 
	
# 


 
  
 	

.		
#

	
	

		A

	
	
	

		


	
	
%
	

	


#	A#
#
	


#
	


		
		
		
	

	
 	
 
	 
	
D	#  
	

# A 

 
 
		 	 
A 	


		

			
A	

		

%

	

#

			
	#A


		


	
 
	
 	



	

	
	
	

	
		

		

	

		
	

	
	 	
	
&
	
	



	

	
	=
	


F		
	
		

)9#9 +
>	


		
	
##		A
	

.		
	
	





	 
 
	
 


	A		
	

	
#
00	0	
 
 
	 	 

		

	

	0		


 
	
  		)+	
	

	
		
	
#

#
		

#
	A#
#
	
?
#
	

		

		
		
)9!+
&


	0	 



 


	


		

		
	


 	  
 
   

 	 	 

   	


>

	
	0
		
	
	


		


	


	
	
	

	

	
	



	
				
	1
	



0
		

%


	)9/+

	
		


	

	
"
	

 
	
 
	
	


 	  

G22G2)99+	

A		

	

			
	

 	   
 

C	
 		 222

	

	

#

	


	
)9*+

2/''	$(	

 	  	 
  
 A 	
 :	 
 	 )96+ 	 
 

 

 

	A

&


A	
	
		
	
2;#	
0
		
	

22;	

			0
		

	
22;
	


	
2	22;	


		
 
	(
	 22					 
 

	


	
A	

		
22;(#


		

			
	
	

		
2;"
	
#
A	
	
22;	
			
	 	
  
		 



		
2	22;
 	 	 A 	 0 	
  	 	  	 	
	

	

	
		
	  
   
 
 	
0
	
 
	8	 	  	


 
 

		  
 	 		A# 
 0
	

 
 	


	

	
)9<+0	
	

	

	

	

	
		
	


  
 
 	 
 	 	 	 
 	 
  

	
	
	
)*2+
:
# 

 	
	 '> 	
 	  
 	
		
	
			
		
"




 
 	 	 A 	 
 0 	
  	 	  

	
	
  
  
 	 	 
 


	
	
1

		
		

		

$	
		
		
	
	
	)*0*6+1
	

	


	
		

	


	)*#*!#*/+#

)*4* +

	


	


	
		

:		
	 )*#*<+ 
	

	'> <<<<H# 
	A			<<<<H#22	A		

	



	'>	
	
225

	
	


	'	
		 A 	 
		
4
		A	
	 	0	 22
	#

	
	'
	

 )*# *<+B	
	 )62+	


	


				


	A
 
9
	'>' 
 
	
	
 
'	 	
 	 
	
	 

	


			


	

	


	'>'	
-		.					)6+	

	


	

	
	
	
	

	
		



	
		
	
	

		A	
		
		0	

	 	
 	
	'	 
	 
  '# 	
 	  	 
 	 
  

	
	'	
I)*6+	

	
'>C	


	
	 
 
		A 
  		
 2/ ' '	$( 
  
	

	
'>A	
	
92H
	
	
&8
#<2	<
;# 
  	    
 '> A 	  
  	
	
 	
  
 	  	'>A




#		
&8

	
5	
	)6+	
	

	'>>
	
	
  	
 	0	 
	 > 	  	A
	
	>
	
		I
	)6 +
	

	

	'>	

	
	
	

 
 	
		 %	  


 
'>
  
 1
			

 
 	

	
	#
# 		#

#
?
		
		
		
 
	
 	




	
	


	'>(>	(1$!
		


 
 
 			
'>	 
 
 	
 
	
	
	)6!+		
	A)6/+
	

'>>9*
	A	'>>4@/2	A#@
	

		

	


'>>	>4@					

	
	2
#
#	

	

	>2/-
'	1$!
(2/'>>	>0@	


	 
	

	
	>1	
	
'>	
	
>	
	#
	

	

	>
@

	



		
	

	
 
	
 	  
  	  	
 
	
  
 




	
#
	

	
	
		

#	

	

	

D			
	A	
#


		
	
	
	



	
	



	
	?	
(#
	
 	 
 
		
#

	
	?

	

@
	

	

	
	
	#	

	
@

	

	
	
		
	
A


		




	


		

	
	
		
@

	





8	#
	
		






	
(#
	



	

  
	D	# 
 
		 






	
	
"
	0
0# 
 
  
	 
(# 


	
 	 	0   	   	 	

	F
#
				

	

	

	
	
			

		
		#	A	
>0

	
	
	
	D
	# 		
 


		 



	.

22!02/H			



	
	
0
 
		
222/H )69+ " 
 

 	
	

#
	


#	#	
	



 	)6*+1		
 
	


		

	
	
	##2

	2H
	/		/2H

J	
			
		
	


#		#		
		
	


	$	
		
	

	
			





	

%

	)9!+
	

 	
 	


"
	 
 			.
 


 


	 
 	 
 	 
 
 		
  	  	#   



	


B








	
#			

	
	
	

	
	
	   
 	 

 
	 




#
	
	

	
	
	
	




$
	

	
		
	
	

	


	

	
	
1
	

0


	

	
	
	


		
			
	
1

	
	 
		  

		  
 
 
		

		
	

		
.
		
	

		

		


	
	%
	@	
	

	
	


	
	%	

		



		
		
	


		)9/+
!"!		##	$!	%		

' 		 0
	
 	
				
  %

	
 "
 
 
	
 ('$   
 
	>
4 (# 

   
 
	
  
 
	 >4  '    
	


				



'
		
		
	
		





		
	 
  

 	
 	 	 
	 
 	
	

&

0	



	

	
	


	
"


	
	
2H#
	
		
			

	

	
	
	

>		



 	
	
		
 
  A    
	 
 .
 C 	
			







>	

	A	



0



	
A"



				


	




8		
A			
	

	

&

A	



		
A	
#
		


	

	
A



	

	



	C4'		




		


	A		
	
	
	

	

	

	
	'
	

 
  
	
 
 	
	
 

	 
 	 
 	 
  
  
 

	 
	 
 

#  
  
   
		 # 


 
	
 	


	
		


	

	

C4'4KK3>#>#@
	%	
			
	



		C4'	



	

>  
	
 
 	
 # 
   (>   		
	
 
 "
 
	 
 	 
 	
		
 
	
	
			  


 

	> 	


	
				
				

	


	

							
					

	1
			


#
		

	
	
	
"

	
0


		

E	
	

	
	 
			

(# 
 
	
E	


	
	





		
>


	
	

		
B	#


	
	
$

	#


		

	#
		A


	 
  
  
	 %
 	
8 
 
	
	
	
	
		
8
	
	


	
	



		



#	
	
	#
	

	
	
			
	

	


			
>
		

	>--		

	

		
	 
	

			
	

		
		
"		

%#

	


	

		
	
	
		 	 
	
	
 

		

	
	
	
,		

%	
		
	
	





	
		

	


	


	
1			
	

%	


	"
	


%#	


	

		,

	
		
		
		









	

	



-
	
	
 	 

  
	 	 		 
 
	 

	)660<2+
>--C0'		




	
	


	
0
	C0'>--	


		D *L		
	
	)<+
	A4>--	


		
6

	
	
	A	
A	
		


,



	
		


	
#		



	
C0'>--	
	
C	
>		
	)<+		

	


  
	 C0'>--	
 
	 A 	
 	
	

 
 	


Figure 7 Cross-sectional morphology of Zn/Ni CMM coating with 12 individual layers (reprinted with permission
of Elsevier Science, Inc., New York)
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Figure 8 Probable corrosion mechanism diagram for Ni/Zn and Zn/Ni CMM coatings (reprinted with permission
of Elsevier Science, Inc., New York)
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Table 10 Corrosion resistance of electroless Ni-P, Ni-B, Ni-P/Ni-B and Ni-B/Ni-P duplex coatings in
as-plated and heat-treated conditions in 3.5% NaCl
System studied Thickness (m) Ecorr(mV vs.SCE) icorr(A/cm
2) Rct(Ohms.cm
2) Cdl(F)x 10
–4
Ni-P as-plated 20 –354 3.62 7960 1.85
Ni-P heat-treated 20 –492 6.89 6498 2.36
Ni-B as-plated 20 –508 9.15 3844 3.53
Ni-B heat-treated 20 –519 14.60 1232 4.22
Ni-P/Ni-B as-plated 10 + 10 –386 3.86 7638 1.89
Ni-P/Ni-B heat-treated 10 + 10 –432 4.93 5339 2.44
Ni-B/Ni-P as-plated 10 + 10 –311 2.46 10130 1.61
Ni-B/Ni-P heat-treated 10 + 10 –356 3.24 7024 1.96
Table 11 Corrosion resistance of non-graded and graded electroless Ni-P coatings in 3.5% sodium chloride
solution
System studied Ecorr(mV vs. SCE) icorr(A/cm
2) Rct(K.cm
2) Cdl(F)
EL Ni-Low P coating (L) –536 4.22 6.90 289
EL Ni-Medium P coating (M) –434 1.17 24.86 55.60
EL Ni-High P coating (H) –411 0.60 37.45 49.10
EL Ni-P graded coating (LMH)* –403 0.41 38.22 36.70
EL Ni-P graded coating (HML)* –481 1.70 14.77 103
* LMH - Low-Medium-High P; HML – High-Medium-Low P.
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Figure 9 Schematic of the corrosion mechanism of EL Ni–low P/ED Ni/EL Ni–high P coating; Step 1: ED Ni-layer
emerged through the pinhole corrosion and corrosion of ED Ni-layer occurs; Step 2: When corrosion reaches the
third layer of EL Ni-high P layer, both upper EL Ni-low P and intermediate ED-Ni layers corrode alternately
Source: [61] (reprinted with permission of Elsevier Science, Inc., New York)
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